INTRODUCTION
It has been both convenient and productive to treat cells as if they were simply a bag full of enzymes where reactions take place by"chance encounter of substrate molecules with enzymes. However, improved methodology is now generating a basis for suggesting the existence of a strict spatial organization of enzymes in metabolic pathways. Accumulating evidence indicates the existence of spatially distinct metabolite pools in both prokaryotic and eukaryotic organisms. Even in Escherichia coli, where such complexity had not been generally anticipated, tracer experiments showed evidence for metabolic compartmentation of glycolysis during aerobic growth (74) . In higher plants, exogenous compounds and endogenous compounds seem to be metabolized in different ways (103) . Distinct metabolic pools may be the result of compartmentation of specific pathways in organelles, or of compartmentation accomplished by proteinprotein interaction of enzymic components of pathways [i.e. metabolons (102a) ] and their association with structural components of cells.
The properties of the individual enzymes in plant cells may be influenced by a multitude of factors. Among these are the interactions between enzymes, with substrates, and with the surrounding solvent. Because of these factors, the concentration of the individual components may affect the activity of the entire cellular environment. Most enzymological studies focusing primarily on the catalytic activity of the individual enzymes are carried out under nonphysiological conditions. Enzymes are usually isolated in an excess of aqueous buffers in which they may be present at nanomolar or subnanomolar concentrations; their activity may be measured over minutes or hours. Under these dilute aqueous conditions functional effects of enzyme-enzyme or enzyme-substrate interactions may not be apparent, except in the case of stable multienzyme complexes or aggregates. In living plant cells proteins and lipids are present at high concentrations, sequestered from the aqueous contents of the vacuole by the tonoplast, and substrates are generally far from saturating. The spatial organization fostered under these conditions promotes enzymeenzyme and enzyme-substrate interactions believed to be involved in the fine-tuning of metabolic pathways in higher organisms, including plants (91a) .
The concept that metabolic pathways consist of sequentially assembled enzymes has only recently been applied to plants. For reviews favoring enzyme complexes see 6b, 59a, 90a, and 104a; for reviews questioning the concept see 6a, lla, and 121a.
In this selective review, in which no attempt is made to be comprehensive, we emphasize aromatic metabolism and the connecting pathways of carbohydrate metabolism in order to highlight the emerging general evidence for highly ordered spatial organization of plant biochemical pathways.
COMPARTMENTATION OF PATHWAYS IN ORGANELLES
In eukaryotes various structural compartments are closely tied to different aspects of carbohydrate metabolism (103) . The enzymes of both glycolysis and the pentose phosphate pathway are found in both the cytoplasm and plastids; tricarboxylic acid cycle enzymes are located in mitochondria, those of the glyoxylate shunt are in the glyoxysomes; and the enzymes of glycogen metabolism were suggested to be associated with their polymeric substrate, glycogen.
The major biochemical pathway by which both plants and animals utilize carbohydrates is glycolysis. The individual biochemical reactions of glycolysis have been reviewed in detail, their subcellular localization discussed (22) .
Role of Isozymes in Metabolic Compartmentation
In plant tissues glycolysis occurs at two different sites: in the plastids and in the cytoplasm (29) . Chloroplasts contain the enzymes of the reductive pentose phosphate cycle for the fixation of CO2. Chloroplasts also metabolize hexoses via the oxidative pentose phosphate pathway, and via glycolysis (29) . Isoenzymes catalyzing the same reactions in the glycolytic and oxidative pentose phosphate pathways are also found in the cytoplasm. Cytoplasmic and plastidic isozymes often (but not always) have different physical, catalytic, and regulatory properties. Recent data from Ricinus communis show immunological and kinetic differences between cytoplasmic and plastidic isozymes (63a) . Their potential for differential function is geared to the specific metabolic demands of the particular tissue. It was reported that cytoplasmic and plastidic pyruvate kinases (PKs) appear to exist as tissue-specific isoforms similarly that found in animals. Chloroplastic and leucoplastic PKs are immunologically distinct and differ in subunit structure. Cytoplasmic PKs are immunologically similar but exist as either homo-or heterotetramers, depending on the tissue (63b, 91b,c).
Cytoplasmic and chloroplastic isozymes of the first two enzymes of the oxidative pentose phosphate pathway (glucose-6-P dehydrogenase and 6-phosphogluconate dehydrogenase) have been separated and shown to have identical properties, aside from differences in charge (98) . The chloroplastic glucose 6-P dehydrogenase is activated by Mg 2+-, and this activation was shown to be greater with a bound form of the enzyme than with the soluble form (119) . Ribulose bisphosphate at 1 mM concentration completely inhibited the enzyme in the presence of a 2:1 ratio of NADPH:NADP +. Since other intermediates of the pentose phosphate pathway did not inhibit activity, the effect seems to be specific. Illumination of a chloroplast suspension by light resulted in inactivation of the enzyme. This inactivation may be the result of redox control mediated by thioredoxin, because the same effect was caused by dithiothreitol (59) . The cytoplasmic isozyme showed similar properties and inactivation, and both isozyme species may be inhibited by a reduction process such as present in the electron transport chain of the thylakoids (3).
While some chloroplastic/cytoplasmic isozyme pairs have similar properwww.annualreviews.org/aronline Annual Reviews ties and differ from each other only in charge, others show large differences. The cytoplasmic and chloroplastic forms of phosphofructokinase have been separated and shown to differ considerably in their kinetic and immunological properties (60, 91b) . The cytoplasmic isozyme is activated by high concentrations of Pi; the chloroplastic isozyme is not activated by these conditions. The cytoplasmic isozyme showed also a much higher affinity for its substrate, fructose 6-P, than the chloroplastic species. The plastidic isozyme showed positive cooperativity with fructose 6-P but was inhibited by lower concentrations of phosphoenolpyruvate (PEP) and 2-phosphoglycerate (61). This inhibition was negated by low concentrations of Pi. This positive cooperativity with fructose 6-P and inhibition of the phosphofructokinase when the concentration of PEP and 2-phosphoglycerate increased serves the cells as a convenient regulatory mechanism: Glycolysis is inhibited when the synthesis of starch is activated, and it activates glycolysis again when the synthesis of starch is inhibited (61) . Chloroplastic and cytoplasmic isozymes of pyruvate kinase have also been reported in etiolated pea and castor bean plants (54). These isozymes showed different properties, the plastidic form being unstable while the cytoplasmic form remained stable in the absence of reducing agents, cDNAs encoding both cytoplasmic and plastidic PKs have been cloned and sequenced. Deduced primary structures for the respective proteins were shown to be dissimilar (9a) . It has been shown (35, 55) optimal conditions for plastidic isozymes are not optimal for the assay and extraction of the cytoplasmic species. Accurate results about the distribution of both plastidic and cytoplasmic isozymes of glycolysis and the pentose phosphate pathway within the cells requires a thorough appreciation of these differential properties (29) . The presence of plastidic and cytoplasmic isozymes of identical enzymic reactions is a clear indication that the glycolytic and pentose phosphate pathways are present in plastids and in the cytoplasm, and that their presence in these two compartments serves different metabolic processes.
Triose-phosphate and glycerate-phosphate are most likely the main products of glycolysis in plastids, and these may be translocated to the cytosol with the aid of the phosphate translocator (34) . In the cytoplasm the products of glycolysis are most likely pyruvate and malate (22) . Pyruvate is either phosphorylated by pyruvate kinase to PEP or is further transformed in the presence of PEP-carboxylase into oxalacetate. Malate dehydrogenase may then reduce oxalacetate to malate. Malate is either taken up by mitochondria (120) or segregated in the vacuole (37) in free or bound forms.
The pentose phosphate pathway of carbohydrate metabolism seems to have the main functions of producing NADPH for the biosynthetic reactions, providing ribose 5-P for the synthesis of nucleotides, and producing E-4-P for the synthesis of the three aromatic amino acids (22) . www.annualreviews.org/aronline Annual Reviews
The first committed enzyme of the pentose phosphate pathway is glucose 6-P dehydrogenase, which is also present as plastidic and cytoplasmic isozymes (29) . The activities of this enzyme are strictly regulated in plants; they are strongly affected by NADPH. The chloroplastic isozyme is sensitive to the ratio of NADPH/NADP ÷, pH, Mg 2., and substrate concentration (71) . The variation in the NADPH/NADP ÷ concentration ratios may be the controlling factor under in vivo conditions to determine the amount of carbon flow into the pentose phosphate pathway, and hence the production of E-4-P. The availability of E-4-P is a crucial determinant of the extent of carbon flow into the shikimatc section of plant aromatic metabolism that produces the aromatic amino acids. The aromatic amino acids may in turn be used by the plant for the synthesis of proteins, or may enter into the multitude of transformations of the specialized branches.
METABOLIC ORGANIZATION IN THE DIVERSE PATHWAYS

Role of Isozymes in Cellular Metabolism
The differential regulatory properties of isozymes can lead to an aesthetically acceptable view of cell metabolism in which isozymes reside at key steps of a metabolic pathway, controlling the flux of intermediate metabolites into the various pathway segments. However, in the case of pathways that are present in multiple compartments, isozyme representation of the entire pathway may occur. In some cases no differences can be found between the components of isozymic systems. Kinetic differences between isozymes alone should not be considered as sufficient support for speculations about their possible regulatory role, All such speculations require that the products of such isozymic reactions be anatomically or otherwise compartmentalized (110) .
However, there is ample proof that a number of pathways or parts thereof exist in cells as multifunctional proteins or multienzyme complexes, which permit efficient conversion of substrates by reducing the transit time in the overall reaction sequence. In such an organized system the enzymes are most probably bound together in a manner that permits the channeling of products/ substrates from one reaction center to another. The direct transfer of metabolites between the active site of enzymes without their release into the surrounding environment is generally referred to as channeling, and is one of the most prominent features of enzyme complexes (105) . Such multienzyme complexes would also exhibit regulatory properties (95, 121) .
Carbohydrate Metabolism
The glycolytic pathway is reputed to be the most ancient pathway in cells and also the most centrally located (70) . The pathway has been described in most www.annualreviews.org/aronline Annual Reviews textbooks as being composed of soluble enzymes. This description arose because most methods used in subcellular fractionation involve homogenization of the tissues and cells under conditions that result in fractional or total solubilization of enzymes. However, investigations in microbial and animal systems indicated that the glycolytic sequence functions in an organized manner under in vivo conditions. The in vivo organization of the glycolytic pathway has been reviewed (78, 89) , and only the most salient points are mentioned here. While the individual enzymes of the glycolytic pathway have been shown to be constituents of multienzyme complexes in both microorganisms and animals, reports of such organization in plants have lagged behind (83a,92) . One experimental complication may be that the integrity of enzyme complexes may not survive the harsh conditions of homogenization of plant material, especially the contact with the strongly acidic content of vacuoles.
Less effort has been spent investigating the fine-tuning of glycolytic enzymes in plants than in microorganisms and animals, and this question has not yet been addressed adequately. The description of relatively simple approaches to detect active site-directed enzyme-enzyme interactions (112) may lead to reports on such systems in plants also.
As discussed earlier, PEP is the key intermediate of plant glycolysis that plays a central role in plant metabolism (25) . The presence of a plant phosphatase specific for PEP has long been suspected because of the substantial amounts of "PEP phosphatase" found in plants, which interfered with the determination of pyruvate kinase activity. It was proposed recently that PEP phosphatase provides plants with an alternate metabolic route for the conversion of PEP to pyruvate (108) . PEP phosphatase has recently been purified from black mustard (Brassica nigra) cell-suspension cultures (30) . The kinetic properties of this enzyme led to the suggestion that its function in plants is to bypass the ADP-dependent pyruvate kinase reaction during extended periods of phosphate starvation (31) .
PEP phosphatase is apparently not the only enzyme in carbohydrate metabolism that responds to low Pi levels in plants. Recent experiments have shown that the extractable activities of pyrophosphate (fructose 6-P-1-phosphotransferase, nonphosphorylating NADP-glyceraldehyde-3-P dehydrogenase, phosphoenolpyruvate phosphatase, and phosphoenolpyruvate carboxylase) increased at least five-fold when Brassica nigra leaf petiole suspension cells were subjected to Pi starvation (31) . During the same time the activity the phosphorylating NAD:glyceraldehyde 3-P dehydrogenase decreased about six-fold; the activities of ATP:fructose 6-P-l-phosphotransferase, 3-phosphoglycerate kinase, pyruvate kinase, and NAD malic enzyme were not altered. The activity changes of these glycolytic enzymes (or lack of change) led to the suggestion that an alternate pathway may function in plant carbohydrate metabolism during sustained periods of Pi depletion (31).
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Pyruvate is the product of glycolysis. Most pyruvate produced by plant tissues is used as substrate by the tricarboxylic acid cycle compartmentalized in mitochondria (121). Pyruvate dehydrogenase is the first enzyme that interfaces the glycolytic pathway with the tricarboxylic acid cycle. It is a multienzyme complex that consists of pyruvate decarboxylase (thiamine phosphate dependent), dihydrolipoamide acetyltransferase (lipoic acid dependent), and dihydrolipoamide dehydrogenase (FAD-dependent). The three catalytic steps are coupled, channeling the intermediates in an overall reaction yielding acetyl-CoA, CO2, NADH, and H + from pyruvate, NAD +, and CoA (121).
A second pyruvate dehydrogenase complex is sequestered in plastid compartments. Although much is yet unknown about the detailed structure and composition of these differently compartmented pyruvate dehydrogenase complexes, distinct differences in regulatory mechanisms are apparent (82) . Acetyl-CoA is required in the cytoplasm for isopentenyl pyrophosphate (IPP) biosynthesis, separate from the IPP pathway operating in plastids (72) . Since the cytoplasmic source of acetyl-CoA is unknown, a third pyruvate dehydrogenase complex located in the cytoplasmic compartment is a possibility.
Another enzyme complex in the tricarboxylic acid cycle is the ceoxoglutarate dehydrogenase (121). The enzyme complex has been isolated from cauliflower buds and was characterized. Its mechanism is similar to that of the pyruvate dehydrogenase complex~differing in product, however, which is succinyl-CoA, c~-Oxoglutarate is essential in amino acid metabolism. Plant mitochondria are able to convert it to glutamate by two different mechanisms, either by glutamate dehydrogenase or by a glutamate-oxalacetare transaminase (121).
Seven of the eight TCA cycle enzymes are organized within the mitochondrial matrix where the concentration of proteins is 10 mM o~ greater. Since diffusion of substrates would be highly restricted under such 6on,_ditions, the channeling of substrates by sequentially acting enzymes is an attractive scenario. The latter is accommodated in the proposal of Srere et al (104, 104a) , which suggests supramolecular organization of the eight enzymes.
Biochemical Interface Between Carbohydrate Metabolism and Aromatic Amino Acid Biosynthesis
PEP and E-4-P originate from glycolysis and pentose-phosphate metabolism, respectively. Differential biochemical aspects of this relationship of carbohydrate metabolism with aromatic amino acid biosynthesis are illustrated in Figure 1 .
www.annualreviews.org/aronline Annual Reviews Figure 1 Biochemical juxtaposition of carbohydrate metabolism, aromatic biosynthesis, and secondary metabolism in the chloroplast and cytosol microenvironments of higher-plant cells. Light-activated enzymes are denoted with an asterisk. The three pairs of isozymes participating in aromatic biosynthesis and known to be compartmented as diagrammed are shown within heavy brackets. Solid and open triangles denote enzymes sensitive and resistant to feedback inhibition, respectively. The reductive pentose phosphate pathway is located in the chloroplast and functions during photosynthetic carbon reduction. The enzymes phosphoribulose kinase and ribulose bisphosphate carboxylase are unique to this pathway. Key regulatory enzymes are switched on and off by reduction and oxidation of regulatory disulfide bonds by the ferredoxin/thioredoxin system (13) . During photosynthesis, a supply of E-4-P in the chloroplast would be generated by the reductive pentose phosphate pathway as one product of transketolase utilizing 3-phosphoglyceraldehyde and fructose-6-P. Under conditions of light activation the reductive pentose phosphate pathway is thus operational, while in the dark the oxidative pentose phosphate pathway becomes functional.
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The oxidative pentose phosphate pathway in the cytosol is switched on and off in response to redox control in a fashion opposite to that of the reductive pentose phosphate pathway, thus avoiding futile cycling. It is believed that E-4-P arises in the cytoplasm mainly as a product of transaldolase utilizing 3-phosphoglyceraldehyde and sedoheptulose-7-P (5).
GLYCOLYSIS/PEP The entire pathway of glycolysis is represented by isozyme pairs that are differentially compartmented in the plastid and in the cytoplasm of higher plants (42) . PEP can be derived from glycolysis in both the plastid compartment and in the cytoplasm via enolase, which converts 2-phosphoglycerate to PEP. Data have been obtained, however, that were interpreted to mean that insufficient levels of PEP for aromatic amino acid biosynthesis are generated in plastids, and that a large fraction of PEP is translocated from the cytoplasm (6). Ca and CAM plants are also known contain pyruvate phosphate dikinasc, which can produce PEP from pyruvatc, ATP, and inorganic phosphate. This dikinase has also been detected immunologically in chloroplasts from a number of C3 plants (4) . In gluconeogenic tissues, PEP can be formed by PEP carboxykinase in the presence of ATP.
Aromatic Amino Acid Biosynthesis
A comprehensive, updated review of the biochemistry, enzymology, and regulation of aromatic amino acid biosynthesis in both microorganisms and plants has been published by Bentley (8) . In higher plants the shikimate pathway section is present in plastids and has been proposed to exist also as a second pathway in the cytoplasm (48, 57, 58). Thus, like the enzymes glycolysis and the pentose phosphate pathways, the shikimate pathway section may contain a complete set of plastidic and cytoplasmic isozyme pairs. In the shikimate pathway section of aromatic metabolism (Figure 2 ) E-4-P formed by the pentose phosphate pathway is condensed with one molecule of PEP that is formed in the last stage of glycolysis by the enzyme enolase to form 3-deoxy-t~-arabinoheptulosonate 7-phosphate (DAHP). This reaction carried out by DAHP synthase (DS) (8, 38) . In mung beans, tobacco, sorghum, potato, and pea, distinct isozyme pairs of DS were resolved (56, 57) by ion-exchange chromatography. The properties of the two isozymes were distinctly different. The plastid-localized isozyme (DS-Mn) was stimulated Mn 2+-ions, had a pH-optimum at 6.9, was hysteretically activated by dithiothreitol (DTT), and was saturated at 0.6 mM E-4-P concentration. The cytoplasmic isozyme (DS-Co) exhibited an absolute requirement for divalent cation (Mg 2+, Co 2+ , or Mn2+); was inhibited by DTT; had a pH-optimum at 8.8; and was saturated at 6.0 mM E-4-P concentration. DS-Co also exhibited a broad substrate specificity in which other sugars can replace E-4-P (58). www.annualreviews.org/aronline Annual Reviews Light induction kinetics with Nicotiana plants (57) showed that the activity of DS-Mn increased approximately 14-fold during illumination, while that of the Co 2+-requiring isozyme remained essentially unchanged. It is striking that the hysteretic redox-activation of DS-Mn resembles that of the key enzymes in the Calvin cycle, which are also redo×-activated via the thioredoxin system (13) under conditions of light activation (see Figure 1) . DS-Mn showed sensitivity to allosteric regulation by arogenate whereas the cytosolic DS-Co was insensitive. However, the latter was inhibited by caffeic acid, an intermediate in the phenylpropanoid section of plant aromatic metabolism that leads to the formation of lignin. Mechanical wounding of Solanum tuberosum tuber discs, a model system for demonstration of PAL response to environmental signals, was also shown to induce the entire primary pathway of aromatic biosynthesis (84) .
The occurrence (40) , differential regulation (41), and subcellular location (24) of two distinct forms of chorismate mutase in Nicotiana silvestris have been investigated in detail. The one form, designated chorismate mutase 1 (CM-I), was subject to allosteric regulation by the three aromatic amino acids, while the other form, CM-2, showed no allosteric regulatory properties. However, CM-2 was inhibited by caffeic acid, as was DS-Co. The literature on chorismate mutase isozymes in higher plants has been reviewed recently (93) .
Isozyme pairs of both DS and CM have now been found in many plant systems (85) , suggesting that the plastidic and cytoplasmic organization shikimate pathway enzymes may be generally similar among higher plants. Tracer studies have indicated that plastid biosynthesis does not account for the total output of plant aromatic amino acids (9) . A detailed account of the evidence and rationale supporting the existence of a cytoplasmic pathway of aromatic amino acid biosynthesis has been given recently (58) . Although plastidic and cytoplasmic localization of the shikimate pathway section enzymes seems to be a logical extension from the dual localization of the glycolytic and pentose phosphate pathway enzymes that supply its precursors, clear evidence for most of the cytosolic enzymes remains to be obtained. For example, ultrastructural localization studies of 5-enolpyruvylshikimate-3-P synthase (EPSP synthase) in overproducing tissue cultures of Corydalis sempervirens by protein A-gold immunocytochemistry showed that EPSP synthase in the glyphosate-adapted cells was located in the plastids (102) . Although extraplastidic EPSP synthase was not detected, success would require cross-reactivity of antibodies. In this connection it is noteworthy that the plastidic and cytosolic isozymes of chorismate mutase present in Sorghum were not cross-reactive (101) . It is of interest that distinct isozymes of EPSP synthase have been documented (56, 94) , but possible differences in subwww.annualreviews.org/aronline Annual Reviews HRAZD1NA & JENSEN cellular location have not been deternfined. Two sets of sequences in the Petunia genome have been found to hybridize to EPSP synthase cDNA, consistent with the existence of two genes (36) . Two genes also seem to exist in tomato (36) and Arabidopsis (63) .
Two major isozymes of dehydroquinate dehydratase-shikimate: NADP oxidoreductase were reported from pea seedlings; their subcellular localization was identified clearly as plastidic (86) . A third, minor isozyme that may be cytoplasmic (87) could not be isolated and localized. The major function the shikimate section of plant aromatic metabolism in chloroplasts is the production of aromatic amino acids for protein synthesis. Although aromatic amino acids are also needed for protein synthesis in the cytoplasm, they are also used there for the synthesis of such diverse and quantitatively significant natural products as coumarins, lignin, the diverse flavonoid compounds, the isoflavonoid phytoalexins, stilbenes, cyanogenic glycosides, glucosinolates, indole acetic acid, and so on.
Although spatial organization of metabolic networks is undoubtedly universal, it is clear that a diversity of particular arrangements has evolved in nature. In six species of fungi belonging to three classes, steps 2-6 in the shikimate pathway section of aromatic metabolism, which leads to the formation of chorismate, are catalyzed by a pentafunctional protein (1). Although extensive purification of this protein was not carried out, similarities with a purified preparation from Neurospora crassa (39) , Saccharomyces cerevisiae (28) , and Aspergilus nidulans (16) were noted. This pentafunctional protein was reported to channel intermediary metabolites (26, 117) and to show coordinate activation by the first substrate, DAHP (118) . Such enzymic arrangement in cells would have a novel regulatory function, directing the flow of metabolites in response to both substrate availability and end product levels.
Results from chemical modification and limited proteolysis experiments showed that the first two activities of the pentafunctional enzyme were spatially distinct. While fewer experimental data were available for the other three enzyme functions of the arom pentafunctional enzyme, they were consistent with the suggestion that the activities occur at separate sites on the polypeptide (18, 19), a conclusion confirmed by recent work (32). Coggins al (19) have questioned the existence of the "coordinate activation" or "catalytic facilitation" on the basis that the preparations used to demonstrate these phenomena were crude, appeared to have different kinetic parameters from those reported for well-characterized, homogeneous preparations, and were most likely damaged by the presence of proteolytic enzymes (18) . However, in this connection it is interesting that Byng et al (14) presented evidence crude extracts of Euglena gracilis that was consistent with coordinate activation of the arorn protein by DAHP, the initial substrate.
In higher plants dehydroquinase and shikimate dehydrogenase appear to www.annualreviews.org/aronline Annual Reviews coexist on a bifunctional protein (11, 64, 86) . The remaining three enzymes corresponding to the arom pentafunctional protein have been identified as monofunctional enzymes in higher plants (87) . These have all been reported to be located in the chloroplast compartment. The monofunctional, plastidlocalized EPSP synthase, of course, has been one of the most intensively studied plant enzymes owing to its identification as the herbicidal target of glyphosate (2) . Perhaps an arorn protein exists in the cytoplasm that catalyzes reactions intervening between the cytoplasmic DS-Mn and CM-I? Higher plants may possess an arom protein in which absolute channeling occurs and individual catalytic steps cannot be monitored. Such an arom protein would not be recognized without special effort. It is suggestive that Euglena gracilis, which possesses the higher-plant pattern of tyrosine and phenylalanine biosynthesis (15) , is known to possess an arom protein (90) . The branch of tryptophan biosynthesis is the segment of the aromatic pathway that has received the least attention. The existing literature has been reviewed by Poulsen & Verpoorte (93) . It is noteworthy that Euglena gracilis, a photosynthetic eukaryote, possesses either a single protein or a tightly associated complex of catalytic domains corresponding to the last four steps of tryptophan biosynthesis (97) . In addition, the nonidentical subunits normally present in anthranilate synthase (amidotransferase) were found to fused in Euglena (45, 46). In higher plants most enzyme studies have focused upon anthranilate synthase (see Figure 1) , where a feedback-sensitive isozyme (AS-l) and a feedback-resistant isozyme (AS-2) were localized in plastids and in the cytoplasm, respectively (12) .
Phenylpropanoid and Flavonoid Pathways
The enzymic organization in the phenylpropanoid and flavonoid pathway sections were discussed in reviews covering the literature through 1980 (106, 107) . We discuss only selected data that have appeared since the publication of these reviews.
The aromatic amino acids in plants apparently do not enter into general pools. Feeding experiments with labeled phenylalanine in buckwheat seedlings indicated that approximately 20-25% of the label appeared in metabolic end products of the aromatic pathway (75) .
The general phenylpropanoid pathway (Figure 3) , as well as the diverse flavonoid branches, are localized in the cytoplasm. Although older reports of fractional amounts of phenylalanine ammonia-lyase (PAL) being associated with plastids were carried over into fairly recent books (e.g. 73), PAL and chalcone synthase, the first enzyme of the flavonoid pathway section, are clearly cytoplasmic (50). They also exist in multiple isozymic forms. Twodimensional gel electrophoresis of in vitro translation products in Colletotrichum lindemuthianum-infected bean seedlings showed the presence of www.annualreviews.org/aronline Annual Reviews
Phenylalanine
Cinnamate p-Coumarate p-Coumaryl-CoA Figure 3 The general phenylpropanoid section of the plant aromatic pathway. Enzymes in the pathway section are 1: phenylalanine ammonia-lyase, 2: cinnamate 4-hydroxylase, 3: pcoumarate:CoA ligase.
characteristic sets of PAL and chalcone synthase isozymes in directly infected tissues that produced specific isoflavonoid phytoalexins (44) . The first enzyme of phenylpropanoid metabolism is PAL, which deaminates phenylalanine to cinnamic acid. PAL is a tetrameric enzyme with a subunit Mr of approximately 83,000 (47), although subunit MrS of 77,000, 70,000, and 53,000 were also reported from French beans (Phaseolus vulgar& L.) (10) . PAL is present in plants as multiple isozymes that differ Km values and pI of the subunits (10) . The expression of the enzyme is under the control of a gene family and is regulated differently in the different plant organs (43) upon stress conditions and illumination. The induction of the diverse PAL isozymes upon different stimuli and in different tissues suggests a strict organization not only of this enzyme in plants but also of the general phenylpropanoid pathway section.
Cytological investigations using sucrose density gradient fractionation of cell contents have indicated the association of key phenylpropanoid and flavonoid pathway section enzymes with the endoplasmic reticulum (ER) membranes in Hippeastrum petals (113) . A close association of PAL with the second enzyme in the phenylpropanoid pathway section, cinnamate 4-hydroxylase, an ER-embedded enzyme, was also shown in channeling experiments in cucumbers (23) and buckwheat seedlings (49). These data that at least the phenylpropanoid section of the plant aromatic pathway, or parts thereof, exist as a consecutively assembled, membrane-associated enzyme complex, as suggested in an earlier review (107) . In such a complex pathway intermediates are channeled between the individual enzymes and are not released into the cytosolic environment (49). This is consistent with the observation that, unlike the chloroplastic shikimate pathway section that is under strict allosteric control, the cytoplasmic counterpart and the downstream phenylpropanoid and flavonoid sections of aromatic metabolism are not subject to feedback control.
Although feedback control of PAL by cinnamic acid has been suggested (79), the concentrations of cinnamic acid used were not physiological. discussed above, cinnamic acid is channeled between PAL and cinnamate www.annualreviews.org/aronline Annual Reviews 4-hydroxylase in the living cells and is not released in the surrounding cytosol. Therefore, the observed inhibition may have been caused by nonspecific effects of trans-cinnamic acid on plant cells (116) .
Metabolic compartmentation that prevents the diffusion of intermediary metabolites and permits the simultaneous formation of a number of different metabolic.end products may be accomplished by enzyme complexes associated with structural elements of the cell (48). It has been shown that chalcone synthase, the key enzyme of the flavonoid pathway section, which was previously thought to be cytosolic, is associated with ER membranes in vivo (51). This evidence came from cell fractionation experiments using buckwheat hypocotyl tissue on sucrose density gradients, where the activity of chalcone synthase, the first enzyme of the flavonoid pathways (Figure 4) , coincided with that of the cinnamic acid hydroxylase, both in the presence of MgC12 and EDTA. These enzymological data were confirmed by immunoblotting the gradients and by electron microscopic immunocytochemical investigations both in situ and with isolated membranes. The data clearly indicate association with cytoplasmic structures. Although an investigation from another laboratory using spinach leaves came to a different conclusion (7), a closer study of the electron micrographs suggests structural association of chalcone synthase in this plant species also. www.annualreviews.org/aronline Annual Reviews
Cyanogenic Glycosides
Cyanogenesis is the process by which living organisms produce HCN (20) . number of higher plants, including important crop plants such as sorghum, cassava, and white clover, produce and accumulate cyanogenic glycosides, the precursors of HCN. The formation of HCN is a two-step process in plants. The first step is the hydrolysis of the/3-glucosidic bond to form the hydroxynitrile and glucose. The hydroxynitrile than undergoes a chemical dissociation to yield HCN and an aldehyde (20) . The biosynthesis of cyanogenic glycosides is by now well understood. An amino acid is hydroxylated to form an N-hydroxylamino acid, which is then converted to an aldoxime, this in turn to a nitrile. The nitrile is hydroxylated to form an a-hydroxynitrile, which is glucosylated to form the corresponding cyanogenic glycoside (80) .
Stereochemical studies on the biosynthetic mechanism of cyanogenic glycoside formation indicated the involvement of a monooxygenase in the hydroxylation step. In later studies a cell-free paniculate fraction was obtained from dark-grown sorghum seedlings that catalyzed not only the formation of the p-hydroxyphenylacetonitrile but also the multistep conversion of tyrosine to the p-hydroxymandelonitrile, the last step before glucosylation in the biosynthetic pathway (80) . When the paniculate enzyme system and a sorghum UDP-glucosyltransferase were incubated with tyrosine and NADPH, the cyanogenic glycoside dhurrin was obtained (80) . The maximum rate of oxidation of p-hydroxyphenylacetonitrile to p-hydroxyphenylmandelonitrile of the sorghum preparation was less than one third of that observed for p-hydroxyphenylacetaldoxime when it oxidized the same product (99) . Trapping experiments have shown that the aldoxime is convened first to p-hydroxyphenylacetonitrile before it undergoes a subsequent hydroxylation. Therefore, the preferential oxidation of the nitrile produced in situ must be the result of cooperation between the two enzymes. NHydroxytyrosine and tyrosine were utilized in a similar manner, showing that both compounds are converted to p-hydroxymandelonitrile by the membranebound enzyme preparation at rates much greater than that found with phydroxyphenylacetonitrile (20) . The production of dhurrin from tyrosine the particulate enzyme system from sorghum is clear evidence for channeling in the cyanogenic glycoside biosynthetic pathway in a similar manner.
Isochorismate
Derivatives Figure 1 illustrates a specialized pathway network that branches off from a mid-pathway intermediate of aromatic amino acid biosynthesis. Chorismate is rearranged in one step to produce isochorismate, a metabolite whose full significance in higher plants is just now becoming known (93) . Anthraquinones, which can accumulate to substantial levels in the vacuoles of www.annualreviews.org/aronline Annual Reviews plants, have been shown to originate from isochorismate (100). On the other hand, isochorismate is also the precursor of the quantitatively minor vitamin K1 (phylloquinone), which is located in the chloroplasts. The presence (53, 93) of two chorismate synthase isozymes---one located in the chloroplast and one in the cytoplasm--would provide a mechanism that would accommodate the different quantitative outputs of vitamin Kl and anthraquinone, as well as the different partitioning of the products in separate compartments. Some higher plants (e.g. Iris) produce m-carboxy derivatives of phenylalanine and tyrosine. As illustrated in Figure 1 , these originate from isochorismate (66, 67) . Enzymes intervening between isochorismate and the mcarboxy amino acids have not yet been identified. Zamir et al (122) have speculated that isoprephenate, mcarboxyphenylpyruvate, and mcarboxy-hydroxyphenylpyruvate are formed by enzymes that catalyze analogous reactions to those of chorismate mutase, prephenate dehydratase, and prephenate dehydrogenase. An alternative possibility is that isoprephenate and isoarogenate are interconverted by transamination and that isoarogenate is then converted to mcarboxy-phenylalanine and mcarboxy-tyrosine by enzymes that parallel arogenate dehydratase and arogenate dehydrogenase, respectively. The current difficulty in identifying these enzymes may well reflect some mechanism of spatial organization such as channeling.
Other Specialized Pathways
In contrast to the consistency of fundamental features of pentose phosphate metabolism and aromatic amino acid biosynthesis in higher plants as diagrammed in Figure 1 , the qualitative and quantitative diversity of secondary metabolism is truly striking. Thus, the network of biochemical systems that connect with the aromatic amino acid end products in the cytoplasm are highly variable from plant to plant. Most of these specialized pathways appear to be subject to induction or elicitation by environmental, physiological, or developmental cues. In many cases the general outline of a specialized pathway has been deduced from tracer experiments and precursor studies, but full documentation at the enzymological level has been difficult. It is likely that, in parallel with the precedent of cyanogenic glycosides, these difficulties will prove to be related to the existence of channeling mechanisms. In a single plant species numerous specialized pathways may exist in competition for cytoplasmic aromatic amino acids, most notably the phenylpropanoid and flavonoid pathways. In the following narrative, a small sample of specialized pathways is given to illustrate systems where future details of compartmentation or other spatial organization of catalytic domains can be anticipated.
ALKALOIDS Higher plants produce alkaloids from all three aromatic amino acids. Tryptophan decarboxylase, which catalyzes the initial step in indole www.annualreviews.org/aronline Annual Reviews alkaloid synthesis in plants such as Catharanthus roseus, is a pyridoxoquinoprotein (91) . In cases where a high output of indole alkaloids occurs, understanding of the following aspects is essential: (a) the energy-drain impact of hyperutilization of a quantitatively minor amino acid that requires more energy input for biosynthesis than any of the protein amino acids; (b) the nature of cross-pathway relationships with respect to the role of tyrosine as a precursor of the pyrroloquinoline quinone cofactor needed for tryptophan decarboxylase; and (c) the spatial and metabolic relationship to the pathway auxin synthesis, which also utilizes tryptophan as the starting precursor. In the latter case the synthesis of indoleacetic acid from L-tryptophan has been concluded to occur in the cytoplasm (97) . Isoquinoline alkaloids are derived from L-tyrosine. The initial catalytic step has been shown to be L-tyrosine decarboxylase, an enzyme that can be induced in the presence of a fungal inhibitor (77) . The extreme instability tryptophan decarboxylase may reflect currently unknown protein-protein interactions involved in pathway organization.
Tropane alkaloids are derived in part from phenylalanine in species of Datura stramonium (69) . The aromatic ring of tropane alkaloids is derived from/~-phenyllactic acid, which is formed from phenylalanine. The remainder of the molecule is derived from ornithine or arginine. Most of work in this system has been done with tracer and precursor feeding experiments, and little information is available at the enzyme level. The nature and mechanism whereby a specialized pathway such as that leading to tropane alkaloids interacts in competition for phenylalanine with the multitude of specialized phenylpropanoid and flavonoid pathways derived from cinnamic acid should be of great interest. EXTENSIN Among glycoproteins located in primary cell walls of higher plants is extensin, a hydroxyproline-rich glycoprotein. In some dicotyledons extensin can make up as much as 10% of the dry weight (65) . L-Tyrosine comprizes about 13% of the amino acid composition of extensin. The details of the assembly of extensin and the mechanism of its final spatial organization in intimate association with the cell surface remain to be determined. A portion of the ultimate elucidation will concern the spatial relationship of the substantial pool of L-tyrosine required to support extensin synthesis.
END PRODUCT CONJUGATES Many secondary metabolites are formed as conjugates of molecules that represent different sections of aromatic biosynthesis. Thus, chlorogenic acid (a well-known component of potato tissue) is conjugate derived from quinic and caffeic acids. The presence of caffeyltyrosine and caffeyltryptophan has been reported in coffee beans (17) . Figure  illustrates the case of rosmarinic acid, which is derived from the equimolar www.annualreviews.org/aronline Annual Reviews input of phenylalanine and tyrosine. De-Eknamkul & Ellis (27) have suggested that the striking similarity in properties of PAL and tyrosine aminotransferase may reflect their spatial proximity in a microenvironment dedicated to rosmarinic acid biosynthesis. The formation of conjugates requiring a balanced input of metabolites representing a given section of aromatic metabolism may reflect a spatial relationship of aromatic pathway segments.
PIqENYLPROPANOID DERIVATIVES In addition to the specialized phenylpropanoid and flavonoid pathways discussed, a wide diversity of other specialized pathways diverge from the main phenylpropanoid pathway---e.g. lignin and coumarins. The differing specialized pathways respond to different environmental cues such as mechanical wounding, UV light, osmotic stress, and fungal elicitors. Since all of these pathways share early phenylpropanoid pathway steps such as that of PAL in addition to the unique pathway steps, a dilemma exists whereby a mechanism must exist for PAL to respond to all inductive signals in contrast to the specificity of elicitation for later enzyme steps. Extensive molecular genetic documentation demonstrates a large gene family for an enzyme like PAL, which plays a crucial role in the multiple divergent pathways. However, surprisingly little information is available at the enzyme level about differential protein-protein interactions and subcellular location in which specific genes are related to specific PAL isozymes. It seems likely that different isozymes (and perhaps particular isoform variants of each) possess specific spatial relationships with enzymes of the different specialized pathways. A mechanism would then exist that would dedicate fractional properties of total PAL catalytic potential to the numerous specialized branches that diverge from the common phenylpropanoid trunk.
Other Amino Acid Pathways
GLYCINE DECARBOXYLASE The glycine decarboxylase multienzyme complex is a key unit of the photorespiratory C-2 cycle of the Ca plants (88) . The complex catalyzes the conversion of glycine in the presence of NAD + and tetrahydrofolate into carbon dioxide, ammonia, NADH, and N5 N l°-methylenetetrahydrofolate. The complex is located in the mitochondria, where it exists at concentrations of up to 130 mg protein/ml. The glycine decarboxylase complex consists of four different protein components (115) . These are the 100-kDa P-, the 13.9-kDa H-, the 45-kDa T-, and the 59-kDa L-proteins. The P-protein binds pyridoxal 5-P, which forms the initial Schiff base with the a-amino group of glycine. The methylamine moiety remaining after the loss of the a-COOH of glycine binds to the H-protein, which shuttles it to the T-protein for transfer to tetrahydrofolate to form methylene tetrahydrofolate. The last reaction step is the oxidation of the dihydrolipoamide www.annualreviews.org/aronline Annual Reviews group of the H-protein with sequential reduction of FAD and NAD ÷, which is carried out by the L-protein.
The glycine decarboxylase complex constitutes approximately one third of the soluble protein in pea mitochondria. In the mitochondria the complex has 2P-dimer : 27H-monomer : 9T monomer : IL-dimer composition and is stable (88) . Upon dilution it dissociates into its component enzymes, preventing purification by gel filtration or ultracentrifugation. The dissociated form of the complex that occurs at low protein concentrations has different properties from that of the intact complex. In the dissociated form the reaction rate is much lower, being limited by the rate of H-protein diffusion, which contains the lipoamide cofactor and acts to shuttle reaction intermediates among the P-, T-, and L-proteins. At higher protein concentration the complex reassociates rapidly and does not require the H-protein to shuttle reaction intermediates among the protein constituents.
GLUTAMINE SYNTHETASE Glutamine is an important amino acid whose synthesis proceeds in different spatial locations. Glutamine serves as a major nitrogen transport compound in many plants, including the garden pea (Pisum sativum L.) (111) . Glutamine is synthesized by the enzyme glutamine synthetase, a structurally complex enzyme. Glutamine synthetase activity increases dramatically in the cotyledons, where large amounts of glutamine are synthesized for nitrogen transport to the developing seedling (68) . In Pisum the glutamine synthetase is present both in the chloroplasts and in the cytoplasm. Chloroplast and cytoplasmic isozymes are encoded by homologous nuclear genes that are differentially expressed in vivo (109) . One of the cytoplasmic glutamine synthetase isozymes is accumulated in nitrogen fixing nodules and cotyledons, where large amounts of nitrogen have to be assimilated and transported to the shoots and roots. This isozyme serves to synthesize glutamine for intercellular transport. The other cytoplasmic isozyme has been detected in nitrogen fixing nodules only, where it may function in glutamine synthesis for intracellular use, assimilating ammonia within the Rhizobium-containing cell only, thus preventing accumulation of ammonia to toxic concentrations (33, 114) .
The conclusion that most amino acid biosynthesis occurs in plastids (83) commonly cited. As with aromatic amino acids, this conclusion is based mainly upon data showing that most or all enzymes needed for biosynthesis of a given amino acid are present in plastids. Such plastidic location of amino acid biosynthesis would require transport of such amino acids to all other compartments requiring amino acids for protein synthesis or as starting molecules for other biosynthetic pathways. In those cases (83) where sensitive feedback control of enzyme activities is maintained in the plastid (e.g. aspartate-derived and branched-chain amino acids), it is difficult to envision www.annualreviews.org/aronline Annual Reviews that the end products would be readily available to other compartments. This is because efficient end-product control implies sensitivity to small pools of end products. In connection with the feedback sensitivity of DS-Mn, CM-1, and AS-1 in plastids and the feedback resistance of DS-Co, CM-2, and AS-2 in the cytoplasm (see Figure 1) it is intriguing that the same differential compartmentation has been found for feedback-sensitive and feedbackresistant isozymes of homoserine dehydrogenase in barley and pea (96) .
A number of considerations may explain why extra-plastid pathways may be less easily detected than plastid-localized pathways. Expectations for specific enzyme reactions and characteristics are commonly based upon established prokaryote pathways, especially those of E. coli. Since the endosymbiotic hypothesis dictates that chloroplasts and prokaryotes share a common ancestor (76) , plastid enzymes are more likely to resemble those E. coli than are cytoplasmic enzymes (63b) . When a plastid enzyme purified, it is sometimes assumed that its antibody would detect isozymes in other compartments. Likewise, where genes have been sequenced, there is a tendency to assume that gene probes would detect other genes (which may not be homologous). The plausible lack of common ancestry (or ancient divergence) of genes specifying isozymes expressed in different subcellular locations could easily result in antibodies that fail to cross-react, and in genes having low percentages of identity. Second, the isolation of plastids is an initial purification step that protects the enzymes from proteases and phenolics released from disrupted vacuoles. Third, as demonstrated for isozymes of glycolysis, the pentose phosphate pathway, and aromatic amino acid biosynthesis, the properties of plastid-localized and cytoplasm-localized isozymes are frequently different to a drastic and opposite extent. Thus, optimization of enzyme assays based upon plastid isozyme characteristics may virtually guarantee lack of ability to detect cytoplasmic isozymes.
PERSPECTIVE
Our understanding of metabolic events in general derives mainly from carbohydrate-, tricarboxylic acid-, and aromatic metabolism. While the first two pathways/cycles are common to all living organisms, aromatic amino acid metabolism is found in microorganisms and plants only. This is also the pathway that has provided some of the most rigorous examples of enzymeenzyme interactions and channeling of metabolic intermediates, including tunnel effects (52) and long-range interaction of catalytic sites in enzyme complexes (62) . The diverse aromatic pathway sections thus seem ideally suited for spatial-localization and pathway-mechanistic studies.
The spatial organization of enzymes in correspondence to the sequence of catalytic steps in a given pathway can exist at many levels. These levels are www.annualreviews.org/aronline Annual Reviews not mutually exclusive and include (a) physical isolation within compartments (e.g. organelles) or other structures (e.g. cell walls), (b) organization multiple catalytic domains on a single multifunctional protein, and (c) the existence of specific protein-protein interactions in the form of dissociable complexes, The breakage of ceils in order to prepare enzyme extracts is likely to disrupt and mask even stable forms of organization.
Thus, damaged organelles may suffer loss of enzymes by abnormal leakage, multifunctional proteins may be cleaved to monofunctional fragments by exposure to released proteases, and complexes may be dissociated by physical trauma and dilution. Fragile protein-protein interactions may occur at degrees of subtlety that defy easy experimental detection. A continuing and accelerating documentation of the spatial framework of organized enzyme systems that comprise discrete biochemical pathways is clearly inevitable in prokaryote, plant, and animal systems. One can anticipate an eventual appreciation of the spatial organization that underlies the interfacing of particular pathways that link entire metabolic networks.
